a b s t r a c t 2,4-Dichlorophenoxyacetic acid (2,4-D) is one of the most commonly used selective herbicides in the world. A number of epidemiology studies have found an association between 2,4-D exposure and nonHodgkin lymphoma (NHL) but these results are inconsistent and controversial. A previous meta-analysis found no clear association overall but did not specifically examine high-exposure groups. We conducted a systematic review and meta-analysis of the peer-reviewed epidemiologic studies of the associations between 2,4-D and NHL, with a particular focus on high-exposure groups, and evaluations of heterogeneity, dose-response, and bias. A total of 12 observational studies, 11 case-control studies, and one cohort study, were included. The summary relative risk for NHL using study results comparing subjects who were ever versus never exposed to 2,4-D was 1.38 (95% confidence interval (CI), 1.07e1.77). However, in analyses focusing on results from highly exposed groups, the summary relative risk for NHL was 1.73 (95% CI, 1.10e2.72). No clear bias based on study design, exposure assessment methodology, or outcome misclassification was seen. Overall, these findings provide new evidence for an association between NHL and exposure to the herbicide 2,4-D.
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2,4-D was the first successful selective herbicide ever developed and its commercial release came in 1946 [1] . As an auxinic herbicide, its main mechanism of herbicidal action is the induction of cell growth and division in broadeleaf weeds to the point of abnormal growth that results in weed death [2] . It increased yields for various cereal crops such as wheat, maize, and rice, and its low manufacturing costs led to its continued use and global dissemination [3e5] . It is currently listed as an active ingredient in hundreds of commercially available products [6] .
Non-Hodgkin lymphomas (NHLs) are a heterogeneous group of cancers arising from lymphocytes and their precursors in the immune system. In 2012, there were an estimated 217,643 new cases, and it was the eighth most commonly diagnosed cancer worldwide [7] . Descriptive epidemiology reveals that NHL incidence and mortality have been rising in the developed world faster than the vast majority of other cancer types for the last several decades [8] .
NHL is usually more common after age 60 and in men. The causes of most cases are unknown but risk factors may include certain chemicals such as benzene or chemotherapy agents, immune deficiencies caused by immunosuppressant drugs, infection with human immunodeficiency virus, various autoimmune diseases such as Sjogrens syndrome and ionizing radiation [9] .
In its most recent 2007 review, the US Environmental Protection Agency concluded that there was a lack of sufficient evidence to establish a link between 2,4-D exposure, and cancer [10] . In 2015, the World Health Organization's International Agency for Research on Cancer (IARC) confirmed its 1987 classification of 2,4-D as a group 2B, possible human carcinogen, after concluding that there was not sufficient human epidemiological evidence to list 2,4-D as a group 1 carcinogen in humans, although a substantial minority considered that the evidence was limited [11, 12] . While IARC identified a number of human epidemiologic studies showing an elevated risk of NHL in groups exposed to 2,4-D, a number of other studies showed no association. A recent meta-analysis on 2,4-D exposure and NHL reported finding no association but focused their analyses on results comparing groups with any exposure to 2,4-D to groups with no known exposure to this agent [13] .
However, the potential risks in those groups who most likely had the highest exposures were not specifically evaluated. This is important since, if a true association does exist, higher exposures will usually result in higher relative risks (RRs), and higher RRs are generally less likely to be due to chance, bias, or confounding. As described in the first of the BradfordeHill causal inference considerations and elsewhere, smaller increases in RR generally have lower statistical power (all else being equal) and can more likely be solely caused by minor bias and confounding than larger increases in RR [14e17] . Because the primary purpose of this work was to evaluate whether the current literature supports an association between 2,4-D and NHL, rather than attempt to define specific dose-response relationships, our focus here was on evaluating those groups with the highest 2,4-D exposure.
Methods
PubMed, Scopus, and TOXLINE databases were searched for peer-reviewed observational epidemiology studies that evaluated exposure to 2,4-D and NHL. Key search words included "2,4-dichlorophenoxyacetic acid," "2,4-D," "herbicides," or "pesticides," and "neoplasms," "cancer," "carcinogenesis," "lymphoma," "nonHodgkin lymphoma," or "NHL." Review articles and the bibliographies of all included articles were also searched for relevant studies. The results of our literature search are detailed in Supplement Figure 1 and include articles indexed up to April 25th, 2016.
This meta-analysis includes only case-control and cohort studies that provided RR estimates for exposure to 2,4-D specifically, and only data published in peer-reviewed scientific journals. Ecologic studies were excluded [18] . Studies that only reported RRs of NHL based on broader exposure categories such as herbicides or phenoxyacetic acids, or only reported RRs for combinations of chemicals or only by job type (e.g., farmers) were also excluded. Crosssectional studies that measured 2,4-D exposure after cancer diagnosis were also excluded [19] . Studies that calculated RRs for either NHL incidence and mortality were included in the meta-analysis.
For each selected study, the following information was abstracted: authors, year of publication, year(s) of the study, study design (case-control vs. cohort), location of the study, number and sources of NHL cases and non-cases, age ranges, gender distribution, exposure metrics used, and how exposures were assessed, participation rates, confounding variables assessed, exposure levels when available, and the RR estimates for each exposure metric, and exposure level assessed with their corresponding confidence intervals. Most studies we identified gave RRs for several different metrics of 2,4-D exposure, including cumulative exposure, exposure intensity, duration of exposure, exposure with and without personal protective equipment (PPE), and time since first exposure. When this occurred, we attempted to identify the metric with the most comprehensive evaluation of exposure and the metric most likely to capture the highest exposure group. As such, when RRs were given for multiple exposure metrics, we selected a single RR for the metric in the following order: cumulative exposure (intensity Â duration), exposure intensity (usually expressed as the number of days used, mixed, or applied 2,4-D per year), the longest duration (expressed as number of years using, mixing, or applying 2,4-D per year), and ever exposed to 2,4-D versus never exposed to 2,4-D. This order was determined a priori. If separate RRs were provided for subjects using or not using PPE, the results for subjects not using PPE were selected. Several studies provided separate RRs for different levels of exposure (e.g., low, medium, and high cumulative exposure). When this occurred, because our focus was on groups with the highest exposure, we chose the RR for the highest exposure level. In some instances, multiple publications reported results from the same population or cohort. When this occurred, one publication was selected based on the following criteria in the following order: the publication that presented results for the most likely highest exposure group (i.e., highest level of cumulative exposure, exposure intensity, or longest duration); the publication with the largest number of NHL cases; and the most recent publication. Summaries of our selection criteria are provided in Supplemental Tables 1 and 2. All age groups were included in this analysis, although the majority of studies included looked exclusively at adult populations.
Two measures of association were reported, odds ratios (ORs) for the case-control studies and a standardized incidence ratio for the cohort study. Since NHL is a relatively rare disease, odds ratios and standardized incidence ratios were considered equivalent for this meta-analysis [20] . Summary RRs were calculated using the fixed effects inverse variance weighting method [21] and the random effects method [22] . All results listed in this publication are for the random effects model, unless otherwise specified. Heterogeneity among studies was assessed using the general varianceebased method developed by Petitti [23] . Heterogeneity was also quantified using the I 2 values presented by Higgins et al. and was calculated using equation
where df is the degrees of freedom (number of studies minus one) and X 2 is the chi-square heterogeneity statistic. The I 2 value describes the percentage of total variation across studies due to between study heterogeneity rather than chance. An I 2 percentage of 75 or higher was considered to be high heterogeneity and not attributable to chance [24] . Publication bias was assessed using funnel plots and Begg's and Egger's tests. Egger's test assesses the asymmetry in the funnel plot with a simple linear regression comparing each study's precision to its effect size divided by the standard error. The funnel plot is a graphical presentation of each study's effect size compared with an estimate of its precision and can exhibit asymmetry if publication bias is present [25] . Begg's test uses Kendall's rank order test to assess the correlation between the studies effect size's and their precision [26] . We assessed the quality of each study included in the quantitative analysis using the NewcastleeOttawa assessment scales for cohort and case-control studies.
The impact of each study on summary RRs was evaluated by recalculating summary RRs after removing each study one at a time. As aforementioned, our focus was on assessing RRs in the highest exposure groups. To evaluate how this focus might have impacted our results, we performed a separate meta-analysis in which the RR for broadest exposure group or metric was selected. In general, this involved RRs for groups who were ever exposed to 2,4,-D (despite their exposure level) to groups who were never known to be exposed to 2,4-D.
Results
A total of 12 observational studies meeting our inclusion criteria were identified. This included 11 case-control studies [27e37], two of which were nested in cohorts [31, 34] , and one cohort study [38] . Table 1 shows a summary of the data extracted from each study, including author and publication year, location, study design, number of exposed cases, demographic characteristics of each study population, the exposure groups and categories, exposure metric used, as well as outcome assessed and sources of outcome data. Six of the 12 studies included were done in the United States [27,30,34,36e38] , including the only cohort study [38] and one of the nested case-control studies [34] . Two studies were conducted in Europe [28, 33] , two in Sweden [29, 35] , one in Canada [32] , and one was conducted using an international cohort from 10 countries [31] . Eleven of the studies reported RRs for NHL incidence [27e30,32e38], and one study included both incident and mortality cases [31] . Eight of the studies exclusively looked at male populations [27,29,30,32,35e38] , whereas four studies included both genders [28, 31, 33, 34] . Ten of the studies examined occupational exposures [27e31,33,34,36e38], whereas two studies included nonoccupational and leisure time exposures [32, 35] . Farming occupations comprised the exposure group in five of the twelve studies [27, 30, 34, 36, 37] , and two studies included 2,4 D production workers [31, 38] . Nine of the twelve studies (75%) reported RR estimates >1.0 for 2,4-D and NHL [27,29,30,32e35,37,38] . In four of these (33%), the RR estimate was statistically significant (Fig. 1) [29, 30, 33, 34] . Of the three studies with RR estimates less than 1.0, none of these results were statistically significant [28, 31, 36] . The summary RR estimate in our analysis selecting the highest exposure categories was 1.73 (95% CI 1.10e2.72; P-value ¼ .02, n ¼ 12 studies; Table 2 , Fig. 1 ). The highest RR included was 13 and the lowest RR was 0.6. The X 2 value was 25.12 (P-value for heterogeneity ¼ .009; I 2 ¼ 56%). No individual study received more than 19% of the total weight assigned in the random effects model. In the meta-analysis where RRs were preferentially selected for the broadest exposure category from each study (e.g., ever vs. never exposed), the summary RR estimate was lower but still statistically significant (RR ¼ 1.38; 95% CI 1.07e1.77; P ¼ .01, n ¼ 12 studies; I 2 ¼ 50%; Table 2 , Supplement Fig. 2 ).
To explore potential sources of heterogeneity, a variety of subgroup analyses were performed. In analyses confined to studies conducted in the United States, the summary RR estimate was 1.96 (95% CI 1.03e3.76, n ¼ 6) and the X 2 value was 19.33 (P-value for heterogeneity ¼ .002; I 2 ¼ 74%). For studies that gave a RR estimate that assessed the relationship between 2,4-D and NHL in an occupational cohort specified to be farmers, the summary RR was 1.97 (95% CI 0.95e4.08, n ¼ 5). The X 2 value was 18.87 (P-value for heterogeneity ¼ .001; I 2 ¼ 79%).
To evaluate possible exposure misclassification, we conducted subgroup analyses based on the method used to classify subject's exposure. For studies in which the exposure classification was based on the subject's self-reported exposure to 2,4-D, where subjects were asked to recall past exposures, the summary RR was 1.47 (95% CI 0.89e2.44; P-value ¼ .14, n ¼ 7) with a X 2 value of 12.83; P-value for heterogeneity ¼ .05, I 2 ¼ 53%. In studies in which exposure was based on industrial hygienists or agronomists assessment of likelihood of exposure based job titles, company records, questionnaire, and industrial hygiene monitoring, the summary RR was 2.17 (95% CI 1.03e4.58; P-value ¼ .04, n ¼ 5) with a X 2 value of 6.07; P-value for heterogeneity ¼ .19, I 2 ¼ 34%. To assess outcome misclassification, a subgroup analysis was conducted for studies that had an independent pathology review to confirm the diagnosis of NHL. Here the summary RR was 1.73 (95% CI 0.92e3.25; P-value ¼ .09, n ¼ 6) with a X 2 value of 10.10; P-value for heterogeneity ¼ .07, I 2 ¼ 51%. The Newcastle Ottawa scores (highest possible score ¼ 9) ranged from 6 to 9, with a median score of 7 (Supplement Table 3 ). The summary RR for the four studies with scores !8 was 2.86 (95% CI 0.99e8.23; I 2 ¼ 65.9%) [27, 30, 33, 37] . For those eight studies with a quality score of 7 [28,29,31,32,34e36,38] , the summary RR was 1.48 (95% CI 0.80e2.73; I 2 ¼ 57.1%).
Publication bias was assessed using the funnel plot, and Egger's and Begg's tests. The funnel plot was relatively symmetrical indicating little to no obvious publication bias (Fig. 2) . The Egger's test yielded a bias coefficient of 1.086 with a P-value of .14 indicating no clear publication bias, and the Begg's test gave an adjusted Kendall score of 14 with a P-value of .34, also indicating no clear publication bias. The Cantor et al. study [27] was the most heavily weighted study (RR ¼ 1.20, 95% CI, 0.9e1.7) receiving 18% of the weight in the random effects model, and its removal caused the summary RR to increase from 1.73 (95% CI 1.10e2.72) to 1.94 (95% CI 1.10e3.44; Pvalue ¼ .02, n ¼ 11) with a X 2 value of 23.52; P-value for heterogeneity ¼ .009, I 2 ¼ 58%. Removal of the only cohort study [38] in the analysis left the summary RR almost unchanged at 1.72
(95% CI 1.06e2.78; P-value ¼ .03, n ¼ 11) with a X 2 value of 24.66; Pvalue for heterogeneity ¼ .006, I 2 ¼ 59%.
The presence of statistically significant modest heterogeneity according to the I 2 value [24] led us to speculate how many studies could be removed from the meta-analysis while still showing a statistically significant summary RR for the association between 2,4-D exposure and NHL. To assess this, we sequentially removed studies based on the amount of weight they contributed to the final estimate, in a stepwise and additional fashion (i.e., those given the largest weight were removed first; Table 3 ). In this analysis, the six studies receiving the largest weight needed to be removed for the summary RR to no longer be statistically significant.
Discussion
Overall, in our analyses focused on the highest exposure group from each study, we identified a statistically significant association between 2,4-D exposure and increased RRs of NHL. Evidence of moderate heterogeneity was identified (X 2 ¼ 25.12; Pheterogeneity ¼ .009, I
2 ¼ 56%). However, given the wide range in exposure scenarios, exposure assessment methods, outcome assessment methods, statistical methods, study populations, and other factors across studies at least some heterogeneity was expected. In addition, despite the presence of some heterogeneity, 75% of the studies included in our high-exposure analysis reported RR estimates >1.0. In addition, while four studies reported statistically significant positive associations, none of the studies included in our main meta-analysis reported statistically significant negative associations. Finally, the 95% confidence intervals of the large majority of individual study results included our summary RR. Overall, these findings suggest that despite the wide differences in many aspects of study design across the different studies, the overall trend in study results was consistent with the positive summary RR we identified. The findings of our meta-analysis differed from those of a previous meta-analysis on this same topic [13] , which did not identify a clear association (summary RR ¼ 0.97, 95% CI, 0.77e1.22). The differences between our meta-analysis and this previous meta-analysis are detailed in Table 4 . The primary reason for the different findings was our focus on selecting RR estimates for those groups most likely to be highly exposed to 2,4-D from each study. This is in contrast to the previous meta-analysis, which generally selected RRs for groups with any 2,4-D exposure, regardless of whether these exposures were high or low. For example, the previous meta-analysis used the RR from the analysis of De Roos et al. [39] which pooled data from three of the studies used in our meta-analysis [27, 30, 37] . We used data from the original three studies since each provided a RR estimate for a high exposure group. This is in contrast to the RR from the De Roos et al. study used in the previous meta-analysis which was simply for "exposed" compared with "not exposed" groups. As mentioned previously, the reason we focused on higher exposure groups is that if true associations are present, higher exposures generally result in higher RRs, and all else being equal, higher RRs are typically associated with greater statistical power and are less likely to be solely caused by major bias or confounding than RRs closer to 1.0 [14] . This is in contrast to results for groups with any 2,4-D exposure, regardless of whether the exposure was high or low. When subjects with any 2,4-D exposure are considered as the exposed group, subjects with fairly low exposures can be included in the "exposed" group, and the overall average exposure in the group is likely to be lower than that in groups solely composed of highly exposed workers. Because the average exposures in these "any exposure" groups are lower, RR increases in these groups are also likely to be low (i.e., closer to 1.0) and thus more susceptible to issues relating to low power, bias, and confounding. Some evidence for this can be seen in our results where the summary RRs in our analyses of high-exposure groups resulted in an elevated and statistically significant summary RR of 1.73 (95% CI, 1.10e2.72), whereas our analyses of "ever-exposed" groups resulted in a summary RR that was lower (RR ¼ 1.38, 95% CI, 1.07e1.77).
The metrics we used to define higher exposure groups varied across studies (e.g., cumulative exposure vs. duration vs. no PPE use). Although this could potentially introduce some heterogeneity, it would not necessarily cause false positive associations. The reason for this is that some of the metrics we used are likely better for identifying those who truly are highly exposed than others. Because all the studies included in our meta-analysis assessed exposure similarly in NHL cases and controls, most exposure misclassification was likely non-differential and using studies with these less accurate or less thorough assessments of exposure most likely biased results toward finding no association. In fact, all the studies included in our meta-analysis likely had at least some degree of non-differential exposure misclassification, which again, most likely biased results toward the null. Overall, because of these issues, our meta-analysis results may underestimate the true effect size of the association between NHL and 2,4-D exposure.
Differential recall bias is a potential concern in cancer casecontrol studies because cancer cases may recall past exposures with greater or less accuracy than controls. However, there are several factors suggesting that this bias does not explain the results presented here. If this type of recall bias had played a role, then RR estimates derived from cohort studies [38] , case-control studies that were nested within a cohort [31, 34] , or case-control studies where exposure was assessed by an agronomist or hygienist [28, 33] (where recall bias is less likely to have had a major impact), should have been substantially lower than those found in our analyses of all studies combined. However, this was not the case: after removing case-control studies that assessed exposures based solely on subject's self-reports, where subjects were asked to recall past exposures, the RR estimate increased (from 1.47 to 2.17).
Another difference between the previous meta-analysis and ours was that the previous meta-analysis included the case-control study by Hartge et al. [19] , which found no association between 2,4-D concentrations in home carpet dust and NHL (RR ¼ 0.89, 95% CI, 0.49e1.59). However, these 2,4-D concentrations were measured after cancer diagnosis. Because the half-life of 2,4-D is relatively short (6.2 days) [41] and the latency between first exposure and cancer diagnosis is many years for most known environmental carcinogens, and because people's behaviors can change following cancer diagnosis, we did not include these types of cross-sectional studies in our meta-analysis. As previously mentioned, the objective of this study was to examine the risk of NHL in high exposure groups. Because of this, we used the results presented in McDuffie et al. [32] rather than those from Hohenadel et al. [40] , which assessed the same study subjects and was used in the previous meta-analysis. Despite being published earlier, the McDuffie et al. [32] study provides RR estimates for four different 2,4-D exposure levels (from >0 to 2 days 2,4-D use/year to >7 days 2,4-D use/ year). In contrast, the Hohenadel et al. [40] study only provides a RR estimate for exposed versus unexposed, and thus combines higher and lower exposure groups. Other differences are that we included the Nordstrom et al. study of hairy cell leukemia, a type of low grade NHL [35] , and the Cocco et al. study of B cell lymphoma, the most common type of NHL [28] . Excluding these two studies had only a small impact on our summary RR (RR ¼ 1.88; 95% CI, 1.14e3.09, P-value ¼ .01), indicating their inclusion is not the reason for the statistically significant results we report.
An assessment of outcome misclassification was done by conducting a subgroup analysis on studies where NHL cases had been independently reviewed by pathologist(s) to confirm the diagnosis [27e30, 32, 37] . The magnitude of the summary RR in this subgroup analysis (RR ¼ 1.73; 95% CI, 0.92e3.25) was the same as that in our analysis including all studies suggesting that outcome misclassification was minimal. In addition, it appears that in all studies included here, case status was determined independent of 2,4-D exposure. As such, most errors in assessing outcome status were most likely non-differential and thus most likely caused bias toward the null. NHL is a heterogeneous mixture of cancers, however, there were too few studies that provided results on 2,4-D exposure and specific subtypes of NHL to obtain meaningful estimates from subgroup analyses. Importantly though, if 2,4-D exposure is more strongly associated with some subtypes than others, our inclusion of studies examining all subtypes together (and therefore possibly including subtypes less strongly associated with 2,4-D) would have biased our meta-analysis results to the null, not toward the positive association we identified. Overall, misclassification of NHL status appears to be an unlikely cause of the association we identified. Monotonic dose-response relationships are argued to be supportive of a causal relationship between exposures and outcomes [14] , and their assessment has been well outlined in meta-analyses [42] . Because one of the aims of this study was causal inference, we examined dose-response relationships by several methods. First, as discussed above, we performed one meta-analysis preferentially selecting results from higher exposure groups and a separate metaanalysis preferentially selecting subjects with any exposure to 2,4-D ("ever" exposed). The observation that the summary RR increased as the likely average exposure in each group increased (from 1.38 for ever exposed to 1.73 for likely higher exposed) is consistent with a positive dose-response pattern. Second, we performed a subgroup analysis that only included occupational exposures to 2,4-D under the assumption that typical occupational exposures may generally be higher than typical residential exposures [27e31, 33,34,36e38] . The higher summary risk estimate we identified in studies that only considered occupational exposures (RR ¼ 1.91, 95% CI, 1.09e3.34) is further evidence that exposure to 2,4-D is associated with NHL in a dose-dependent fashion. Dose-response meta-regressions are another method for assessing dose-response relationships, but this was not possible here because of the heterogeneity in the different methods each study used to assess and categorize 2,4-D exposure.
The association of 2,4-D with NHL is further supported by considerations of biological plausibility based on mechanistic data. According to the IARC working group for Monograph 113, "mechanistic studies provided strong evidence that 2,4-D induces oxidative stress that can operate in humans and moderate evidence that 2,4-D causes immunosuppression, based on in vivo and in vitro studies" [11] . Both of these key characteristics of human carcinogens [43] may contribute mechanistically to the development of NHL. For example, immunosuppression is strongly associated with the development of NHL [44, 45] . Furthermore, increased risk of NHL has been associated with common genetic variants in the oxidative stress pathway, including NADPH oxidase, which plays an important role in signaling for the proliferation of lymphocytes and tumor cells [46] . Some studies in rats and mice have shown immunosuppressive effects of 2,4-D, but others have found little or no effect. A welldesigned study by Salazar et al. [47] using pure 2,4-D at non-toxic doses reported that 2,4-D caused significant immunosuppressive effects. The number of phosphorylcholine IgM and IgG antibodysecreting B cells (plasma cells) in bone marrow cells of C57BL/6 mice exposed to 2,4-D was decreased by 2-to 3-fold, indicating substantial immunosuppressive effects on humoral immunity. Human studies to demonstrate that this mechanism can operate in humans are lacking, however, and would be important to perform.
We have conducted a meta-analysis on 2,4-D exposure and NHL that focuses on higher exposure groups. In our analyses, we examined dose-response relationships, heterogeneity, and the role of several forms of bias. Evidence of a dose-response relationship was seen when comparing the results for higher exposure groups to ever versus never exposure groups, and no major exposure or outcome misclassifications, or publication bias were detected.
Overall, our review of the current epidemiologic literature suggests that 2,4-D exposure is associated with increased risks of NHL. Given the widespread use of this agent, these findings may have important public health implications. Supplement Fig. 2 . Forest plot of the random effects results from the "ever versus never" analysis. If two publications from the same cohort both gave the same exposure metric, the metric calculated with the most cases or the most recent study was included in the analysis.
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PPE ¼ personal protective equipment; RR ¼ relative risk.
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